[Abstract] The growing plant cell wall is comprised of long, thin cellulose microfibrils embedded in a hydrated matrix of polysaccharides and glycoproteins. These components are typically constructed in layers (lamellae) on the inner surface of the cell wall, i.e., between the existing wall and the plasma membrane. The organization of these components is an important feature for plant cell growth and mechanics. To directly visualize the nano-scale structure of the newly-deposited surface of primary plant cell walls without dehydration or chemical extraction, a protocol of cell wall preparation for AFM imaging the most recently-synthesized cell wall surface in aqueous solutions was developed. Although the method was developed for onion scale epidermal peels, it can also be adapted to other organs, such as Arabidopsis hypocotyls, as well as ground samples of cell walls from the leaf petioles or hypocotyls of Arabidopsis and cucumber, maize coleoptiles and onion parenchyma. Potential artifacts of AFM imaging of plant cell walls are also discussed.
[Background] The structure of primary plant cell walls plays a key role in determining cell wall biomechanical properties and regulating plant cell growth and morphogenesis (Cosgrove, Zheng et al., 2017) . In recent years AFM has enabled the imaging of soft biological samples in fluid, thus allowing studies of plant cell walls at nm-resolution in a close-to-native state, without dehydration, harsh chemical treatment, embedding or sectioning. Compared to EM techniques, which typically require dehydrated samples for high resolution imaging, AFM avoids dehydration artifacts and simplifies the sample preparation procedure while achieving high resolution imaging at the nanometer scale .
Combining AFM imaging with enzyme treatments, mechanical testing or use of cell wall mutants (Xiao et al., 2016; Zhang et al., 2017) , we can test the hypothesized roles of specific cell wall components in cell growth, mechanics and cell wall structure.
For this protocol we focus on the onion scale epidermal cell wall, which has been the subject of numerous mechanical, spectroscopic and microscopic studies (Wilson et difference between our preparation method and that of previous authors is that our method splits open the epidermal cell layer, separating the outer epidermal cell wall from the remainder of the epidermal cell. After a brief wash to remove membranes and cellular debris, the newly-synthesized surface is ready for direct imaging by AFM. This is possible because the abaxial epidermis (on the convex or outer surface of the onion scale) adheres tightly to the underlying parenchyma tissues, so the peeling procedure splits open the epidermal cells. In previous studies with onion, whole-cell epidermal layers were peeled from the adaxial (inner or concave) surface of the onion scale, i.e., this cell layer adheres weakly to the underlying tissues and so separates intact at the interface (the middle lamella) with the underlying tissue. This difference in peeling procedure is of course important for surface-imaging methods such as AFM and SEM. 
Data analysis
In Nanoscope Analysis software, the images are usually flattened to remove tilt or bow in each scan line and are exported in TIFF format. To export gray scale images, choose color table 0. For representative data see Zhang et al. (2014) .
Notes
1. All buffers must be of highest purity, using ddH2O and filtering through a 0.2 µm filter.
2. Although much of our work is with onion scale #5, walls from other scales may also be used and studied in parallel with optical techniques (Kafle et al., 2014) .
3. While acquiring images, the real-time force curve should be monitored to optimize contact of tip to surface, hence generating a better-resolved image and more accurate mechanical mapping data. Also, the trace-retrace curves being displayed with each channel should be watched for 
